Pumping is a vital natural process, imitated by humans for thousands of years. We demonstrate that a hitherto undocumented mechanism of fluid transport pumps nectar onto the hummingbird tongue. Using high-speed cameras, we filmed the tongue -fluid interaction in 18 hummingbird species, from seven of the nine main hummingbird clades. During the offloading of the nectar inside the bill, hummingbirds compress their tongues upon extrusion; the compressed tongue remains flattened until it contacts the nectar. After contact with the nectar surface, the tongue reshapes filling entirely with nectar; we did not observe the formation of menisci required for the operation of capillarity during this process. We show that the tongue works as an elastic micropump; fluid at the tip is driven into the tongue's grooves by forces resulting from re-expansion of a collapsed section. This work falsifies the long-standing idea that capillarity is an important force filling hummingbird tongue grooves during nectar feeding. The expansive filling mechanism we report in this paper recruits elastic recovery properties of the groove walls to load nectar into the tongue an order of magnitude faster than capillarity could. Such fast filling allows hummingbirds to extract nectar at higher rates than predicted by capillarity-based foraging models, in agreement with their fast licking rates.
Introduction
Hummingbirds have remarkably high metabolic rates, amazing speed and superb aeronautic control. All these traits result from the ability of hummingbirds to feed on nectar efficiently enough to fuel an extreme lifestyle out of a sparse, but energetically dense, resource. Therefore, the way in which they feed on nectar determines the peaks and span of their performance, and thus their behaviour (and evolutionary trajectory), across a range of environmental axes. Accordingly, the details of their feeding ecology and coevolution with flowers have been the subject of intense study for over 40 years [1] [2] [3] [4] [5] [6] . Half a century's worth of coevolutionary theory, as understood through hummingbirds as an example, depends on obtaining an empirical and mechanistic understanding of the nectar collection process.
The hypothesis that capillarity moves the nectar inside hummingbird tongues has been proposed as an inference arising from their anatomy (e.g. [7] ) and fairly limited in vivo experimental data [8] . The idea that capillarity is important in nectar feeding is intuitively attractive and understandable, but lacks evidence in extensive field investigations. The tongue of a hummingbird features paired longitudinal grooves running from near the tip to mid-tongue (figure 1); these grooves in their relaxed state resemble open cylinders, which is the reason why meniscus-driven (capillarity) equations have been invoked. Capillarity equations have been used to infer optimal concentrations in the nectar produced by bird-pollinated plants [9] [10] [11] , optimization in drinking behaviours of nectarfeeding animals [12] and fluid transport optimality in a variety of natural and artificial systems [13] . However, during five years of high-speed filming of free-living hummingbirds, we accrued the most comprehensive dataset of tongue-nectar interactions reported to date, and both our qualitative and quantitative analyses show that capillarity cannot account for either the tongue & 2015 The Author(s) Published by the Royal Society. All rights reserved.
dynamics, or for the rate at which nectar fills the grooves in unmanipulated hummingbirds feeding in the wild.
Mutually exclusive possibilities
Hummingbirds extract nectar from flowers by licking-they repetitively protrude their tongue (figure 1a), dip the tip into the pool of nectar inside a flower (figure 1b), and then retract the tongue. During protrusion, they use their bill tips to squeeze the nectar off the tongue grooves inside the bill [14] . Consequently, as the tongue emerges, it is compressed along the grooves' entire length [15] . Just exterior to the compression point (the bill tip), the grooves exhibit a collapsed configuration (figure 1a). Once a given portion of the grooves passes the compression point, there are two possible, mutually exclusive, outcomes: (i) In the absence of the compression imposed by the bill tip over the tongue, the grooves could recover their shape, yielding two empty cylinders soon after the tongue emerges from the bill and before the tongue tips contact the nectar; or (ii) the grooves could remain collapsed while traversing the air, either by the force at the compression point being transferred along the length of the tongue walls or by the thin layer of liquid remaining inside the flattened grooves acting as an adhesive, or a combination of both.
The first scenario is compatible with the capillarity hypothesis [7] [8] [9] . If the tongue grooves reshape after compression, they will reach the nectar surface as two open cylinders (figure 1c) and can fill via capillarity. Since the grooves are open-sided, rather than complete cylinders, we expect that surface tension in the nectar will tend to 'zip up' the gap [8] as the fluid rises into the grooves. Capillarity (or 'capillary suction' sensu [8, 9] ) is a filling mechanism that operates in a tube or tube-like structure and which requires that such a structure contain an empty space that can be filled by a moving meniscus. This process can be observed quite easily, and the filling rate can be measured by tracking the moving meniscus. The expectation of a capillary process in the case of hummingbirds requires, therefore: (i) the existence, prior to filling, of an empty space in the tongue, (ii) an observable meniscus, and (iii) that the capacity of the whole structure should remain constant throughout the process. Models [8] propose that capillary suction fills the (i) empty space in the grooves in a hummingbird's tongue by slightly closing the tongue walls while the (ii) meniscus is passing through. The only difference in expectation between this and capillarity occurring in small glass tubes is that the walls of hummingbird tongue grooves are not static, but flexible, and the (iii) expectation is that the capacity of the structure should decrease slightly as it zips up (i.e. the groove closes around the fluid as the meniscus passes through). Thus, the capillarity hypothesis predicts that the section of the tongue composed of the grooves should decrease (or remain unchanged [9] ) in thickness after filling, as compared to before contact with the nectar.
Conversely, if tongue grooves remain flattened before filling, then the condition of the tongue is incompatible with capillarity, since the rise of nectar into the grooves through capillarity requires that the grooves reshape into open cylinders before contact with the nectar. If the tongue grooves remain flattened until the tongue tip reaches the nectar surface, there is no empty cylinder and therefore no meniscus formation. In this scenario, capillarity is precluded by the geometry of the flattened tongue; if no menisci are formed, then capillarity equations (which track the velocity of the meniscus) are not applicable.
Results (a) Capillarity is not biologically relevant to feeding in wild hummingbirds
Analysis of our videos demonstrates that capillarity is not operating during tongue-filling in free-living hummingbirds. Our observations and measurements from 96 foraging bouts, comprising hundreds of licks, of 32 birds of 18 species (electronic supplementary material, table S1) show that the tongue grooves remained collapsed until the tongue tips contacted the nectar surface (electronic supplementary material, video S1). After contacting the surface, the grooves expanded and filled completely with nectar (e.g. figure 2a ). Formation of a meniscus within the tongue grooves was almost never observed (see theoretical versus experimental data section). This result is contrary to requirements for capillary filling (tongue grooves contacting the nectar surface as empty cylinders, and formation of a meniscus). Furthermore, measured tongue thicknesses did not conform to that predicted by capillarity filling the grooves; rather than decreasing (or remaining unchanged) as compared to before filling, tongue thickness increased (Student's paired t-test: p , 0.001, figure 2a, e.g. electronic supplementary material, videos S1 and S2). We calculated the percentage of groove expansion out of the final thickness of the groove. This percentage ranged from 48 to 60% among species (electronic supplementary material, table S1). All observed licks followed the same pattern: tongue thickness was stable during protrusion of the tongue, and rapidly increased after the tongue tips contacted the nectar (electronic supplementary material, video S2). After complete loading, the grooves filled with nectar were brought back inside the bill and squeezed for the next cycle, all in less than a tenth of a second. Summarizing and contrasting to the mutually exclusive hypotheses outlined in the introduction, we found that: (i) the tongue is, and remains, compressed prior to actual transport, and there is therefore no empty space within the tongue available to fill via capillarity; (ii) there is no meniscus during transport of fluid into the tongue; and (iii) tongue volume increases during transport, in contradiction of all the expectations for basic capillarity (e.g. no change in capacity) and the capillary suction model [8] (e.g. reduction in tongue volume). Thus, in free-living birds, feeding under realistic conditions, no expectations of either the traditional or the capillary suction model are met, thus we conclude that free-living birds are not using capillarity. These results on their own refute the idea that capillarity is an important component of the process that occurs while hummingbirds drink nectar.
(b) Novel fluid flow mechanism: a conceptual explanation
Our results, drawn from an unprecedentedly large and direct set of observations of the interaction of tongue and nectar, contradict the capillarity hypothesis [7] [8] [9] of drinking dynamics in hummingbirds. Some other process must account for the movement of fluid into the tongue grooves.
Based on our observations of the tongue -fluid interactions in our videos, we offer here an alternative conceptual explanation, and a quantitative model (below), for the nectar uptake mechanism in hummingbirds. We incorporate the elastic recovering force on the grooves into a new nectar flow model, which correctly predicts the empirical data from feeding birds. The model, although with the limitations of any first approximation, provides a replacement for the capillarity equations that have been used to understand the energetics and ecology of hummingbird feeding [9 -11] . We suggest that while squeezing nectar off the tongue during protrusion, the bird is collapsing the grooves and loading elastic energy into the groove walls that will be subsequently used to pump nectar into the grooves. The collapsed configuration is conserved during the trip of the tongue across the space between the bill tip to the nectar pool. Once the tongue tips contact the nectar surface, the supply of fluid allows the collapsed groove to gradually recover to a relaxed cylindrical shape until the nectar has filled it completely; hereafter, we refer to this previously undocumented mechanism as 'expansive filling'. The liquid column has a progressive front within the tongue h(t) (figure 2b). We modelled a single uptake event by a simplified tube configuration with a sealed end at the groove base (figure 2b), and deduced that the fluid motion and uptake rate can be characterized by short-and long-time processes (figure 2c) based on the balance of inertial, elastic, viscous, and transmural pressure forces. The local effects of gravity are negligible owing to the small dimension of the system. The fluid is assumed to be Newtonian and incompressible in both short-and long-time processes.
(c) Elastohydrodynamic model of expansive filling
Considering a long-time quasi-steady and almost fully developed nectar flow in the elastic tube (groove) with a length of about 10-13 mm and inner diameter of 0.3 -0.4 mm, the typical viscous incompressible fluid motion within a deformable tube is governed by a quasi-Poiseuille flow, which gives the local volumetric flow rate that is based on a linear relationship with the pressure gradient:
where t L indicates that this is a long-time process in which the inertia of the tube is neglected, the flow is approximately fully developed, and the elastic recovery of the tube is quasi-static, R is the apparent local radius of the tube, m is dynamic viscosity, p is pressure, and the travelling distance of the liquid column is defined by 0 z L, where L is the tube length (much larger than the tube diameter). The flow rate and various apparent radii along the tube satisfy the quasi-one-dimensional continuity equation:
Similar to a pipetting effect, the negative excess pressure is assumed proportional to the change of the apparent cross-sectional area: where R f is the fully recovered tube radius and E is the apparent area modulus of the tube. Both p and E influence the characteristic time and strength of the elastic recovery. Combining the above momentum, continuity and the elastic equations leads to a nonlinear diffusive pressure equation [16] :
originally proposed to simulate a collapsible blood vessel and other physiological scenarios [17] [18] [19] . The elasticity of, for example, blood vessels determines the degree of compliance of the tube wall due to the pressure drop; while in the tongue of hummingbirds, the elasticity of the groove walls plays an active pumping role during the recovery of the collapsed configuration. Accordingly, the characteristic length and diffusive time scale are L and 8mL 2 =ðR 2 f EÞ, respectively. Here, we define an initial condition for the negative excess pressure p (z, 0) ¼ 2p a , where p a is a positive constant representing the adhesive energy provided by the thin liquid film remaining in the collapsed tube. It is assumed that the liquid film inside the tongue can temporarily sustain the negative pressure (tension) without cavitation. The boundary condition at the inlet (z ¼ 0) has zero gauge pressure, while the pressure gradient vanishes at the sealed end (z ¼ L). The diffusive pressure field is featured by the relative contributions of negative excess pressure and area modulus, essentially the scaled initial condition, 2p a /E. This is the only dimensionless parameter that we use to estimate the self-similar empirical data at various tube lengths.
At the very beginning of the process, because local acceleration is important when the fluid is suddenly drawn into the tube while convective acceleration may be negligible owing to the almost fully developed condition, the above steady approximation is no longer valid in this short-time regime. The elastic relaxation is considered fast and the motion of the tube boundary is much slower than the accelerated momentum transport. We therefore decompose the velocity field for the whole process into transient v z (r, z, t) and quasi-steady ṽ z (r, z, t L ) contributions, which correspond to the short-and long-time processes, respectively. Substituting the transient and a quasi-steady velocity components, v z þ ṽ z , respectively, into the linear momentum equation and subtracting the long-time quasi-steady equation by assuming that the pressure effect primarily balances the long-time viscous effect, that is, 0 % À@p=@z þ ðm=rÞ@= @rðr@ṽ z =@rÞ, the quasi-linear transient flow in the shorttime regime can thus be simplified and expressed by the diffusive momentum equation
in which the pressure effect vanishes due to the balance with the long-time viscous effect, and the radial velocity contribution compared to the local acceleration, estimated by the variation of tube radius DR/R f , is neglected to facilitate the analytical solution. This approximation is compatible with the quasi-steady boundary condition for the radial motion of the wall. Note that the trial solution of a transient pipe flow (e.g. [16] ) implies that the pressure gradient essentially remains time-independent from the transient to quasisteady processes, and thus for equation (3.5) there is no need to decompose the pressure to short-and long-time contributions. The initial condition is v z (r, z, 0) ¼ 2 ṽ z (r, z, 0). It is expected that the pressure gradient does not play a role in the first approximation of the local acceleration in terms of the transient velocity field v z , and the time dependency of the pressure field only comes from the deformation of the boundary. The boundary conditions are finite velocity v z (0, z, t) along the axial line and the no-slip condition at the wall v z (R(z, t L ), z, t) ¼ 0. The analytical solution for the transient velocity field can be expressed as
where J 0 and J 1 are the zeroth and first-order Bessel functions, respectively, and b m are the eigenvalues given by the no-slip condition J 0 (b m R/R f ) ¼ 0. As a correction for the leadingorder approximation, the initial condition in the integral term here is given by the long-time velocity from the pressure equatioñ
Finally, the complete velocity is the summation of both transient and quasi-steady components, v z þ ṽ z . The local flow rate can also be obtained from the apparent radius and pressure gradient. Equation (3.7) is obtained by direct integration of the Stokes equation twice with respect to r, which preserves the time dependency that comes from the deformation of the boundary. In this case, the nonlinear pressure equation is solved numerically before substituting into the integral solution for the velocity field. Once the velocity of the progressive moving front of the liquid column relative to the tongue is computed, the travelling distance or the filling length can be tracked by a simple Lagrangian integration. Note that the linear approximation here is aimed to accommodate the essential multi-scale behaviour analytically. Perturbative or numerical computation of the full momentum equation, specifically the nonlinear radial velocity contribution in the short-time regime, would be helpful to justify this approximation.
(d) Theoretical versus experimental data
In order to evaluate our model, we compared the model output against our empirical results from actual feeding birds, using the following model parameters: R f ≃ 0:2 mm, m ≃ 0:00181 Pa s, r ≃ 1080 kg m À3 , p a ¼ 3.3 kPa, E ¼ 4 kPa, and four tube lengths from 10 to 13.4 mm based on experimental measurements. The self-similar dynamics is featured by the ratio p a /E, in which p a controls the pump strength or the peak value of front velocity, while E adjusts the filling time ( figure 3) . The ratio and both parameters are our best-effort selections based on sensitivity tests (e.g. figure 4 ) applied to all datasets. The short time scale is on the order of 1 ms, while the long time scale is about 10 -20 ms. The Reynolds number is up to an order of 100 at the peak velocity. The results show a sub-linear increase of the observable front velocity (figure 3a) and a super-linear increase of the filling length (equivalent to the front position h(t), figure 3b ). The filling length / t n and filling velocity / t n21 , where 1.0 , n , 1.5, indicate that the inertial force on the fluid drawn from the nectar pool is more significant than the result obtained from the inertia-dominated capillarity rise model [21] , where n ¼ 1, and of course than the quasi-steady rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151014 case, where n ¼ 0.5 based on the Lucas-Washburn model [22] . The duration for the transition from super-linear to sub-linear increase of the filling length is relatively long compared with the short time scale; this is perhaps why others have been led to believe that capillarity (n ¼ 1) is the primary driving mechanism. This is understandable because capillarity, regardless of the contact angle, provides a pulling force very similar to a pressure drop across the liquid column. However, comparing with the Bosanquet's capillary model [20] that takes inertial effect into account (figure 3b), even under the largest effective surface tension force, based on contact angle of zero, the capillarity model cannot match our fast empirical filling data. Note that Bosanquet' In hundreds of licks studied, we observed capillarity only once and acting in only a single tongue groove (electronic supplementary material, video S3). In this event, at the initial stages of tongue protrusion, one of the groove tips adhered to the feeder wall before the tip reached the surface of the nectar pool, and the stuck groove tip bent as the tongue continued to move forward. We surmise that the bending caused the groove to lose its collapsed configuration and recover its cylindrical, empty, shape when still outside the nectar. Before the tongue contacted the liquid surface, the groove tip slid forward and entered the nectar unbent. Thanks to this unusual accident, we captured one of the two grooves being filled by expansive filling (as usual), while the other was being filled by capillarity, offering a fortuitous opportunity to directly compare the two mechanisms. Our measured capillary filling rate (circles at the bottom, figure 3b ) is an order of magnitude slower than expansive filling when all other factors are equal; therefore, capillarity cannot be the nectar uptake mechanism observed in all the other licks. Figure 3a shows the front velocity at r ¼ 0 and z ¼ h(t); in the short time regime, the elastic force overcomes the inertial effect to pull the nectar into the tube, while at the long time regime, the elasticity-induced negative excess pressure balances the fluid viscous effect. The first transition appears at the peak velocity on the order of 1 m s 21 , and then decays as the diffusive pressure wave travels along the tube length (figure 2c). The second transition that is evident in the modelling results is when the pressure wave reaches the sealed end of the tube, and the tube profiles diffusively relax to an equilibrium shape. Considering the case of L ¼ 10 mm, at the decaying stage, the velocity changes its slope at around 6-7 ms. Because the characteristic time scale t ¼ 8mL 2 / (R 2 f E) % 9 ms, the profile shown in figure 2c at 0.7t % 6-7 ms explains that such a transition appears when the dynamic cross-sectional tube profiles transit from wave-like to diffusive-like behaviours. The various capillarity models that have been applied to hummingbird feeding are not rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151014 able to describe the observed short-to long-time behaviours and the interesting dynamics at both transitions.
The fit of output from our first-order-only approximation to our empirical measurements (figure 3) is satisfactory, and provides support for our conceptual explanation of the micropumping mechanism. Figure 4 shows one of the sensitivity tests we performed using various negative excess pressure 2p a and area modulus E values. Overall, a larger excess pressure results in higher peak velocity, while the time scale or width of the profile is more affected when the E value is modified. Note that the selection of the parameters p a and E is not arbitrary. As mentioned earlier, the self-similar dynamics is featured by the relative contributions of negative excess pressure and area modulus 2p a /E as the only characteristic number in this model. Our best fit of p a /E is about 0.83, corresponding to two cases: p a ¼ 3.3, E ¼ 4.0 that better predicts the peak value of the front velocity, and p a ¼ 2.5, E ¼ 3.0 that fit better to the long-time profile. Another two cases with smaller or larger p a /E value, about 0.69 and 0.92 are not good selections. We thus choose p a ¼ 3.3, E ¼ 4.0 for all cases in figure 3 to emphasize the maximum front velocity. The prediction for the longtime behaviour may be improved by gradually reducing the thickness of the tube towards the end (taking into account that hummingbird tongue grooves taper off towards the base).
Discussion
Our dataset of direct measurements of tongue/nectar interactions during nectar uptake in free-living wild birds refutes the century-old paradigm that posits capillary rise as the main mechanism operating during hummingbird drinking. Capillary rise is physically possible in hummingbird tongues, but, in the wild, it simply is not biologically relevant.
Combining the elastohydrodynamic model we present here with our previous work on the mechanics of fluid trapping at the tongue tips [14] , we now have an empirically supported, mechanistic understanding of nectar intake in hummingbirds with which to newly interpret their energetics and ecology. It is noteworthy that at flowers where full groove immersion is prohibited by corolla length, filling lengths are usually equivalent to the distances between the bill tip and the nectar surface. Given that it is only at great filling lengths (when the bill tip is far from the nectar surface and full groove immersion is precluded) that a tongue-filling mechanism besides nectar trapping at the groove tips [14] would contribute a significant portion of the total load per lick, we rule out capillarity as an important drinking mechanism in free-living birds feeding at real flowers.
The average flow rate, a measure of interest for ecology and engineering applications, would be calculated as the volume of liquid collected per unit time. Given that the end result of both capillarity and expansive filling is a tongue groove entirely filled with nectar, the volume would be exactly the same under the two scenarios. However, a groove would be filled appreciably slower via capillarity (e.g. figure 3 ; electronic supplementary material, video S3). The slow fill speed of capillarity would therefore limit the hummingbird's licking rate, and thus their energy intake rate. This is manifest in the time interval for the one full lick cycle reported elsewhere as the result of capillarity [8] : 200 ms, which translates into a licking rate of only 5 Hz. This is very low when compared to the licking rates registered for larger samples of birds, under more realistic conditions, which are around 14 Hz [23] . If the tongue normally worked via capillarity in free-living hummingbirds, we would not observe the high licking rates that have been reported (up to 17 Hz [15] ). On the other hand, the elastic micropump we describe here allows for tongue loading at rates that are compatible with previously reported licking rates. Thus, we conclude that the capillary tongue-filling reported in laboratory studies (e.g. [8] ) is the result of feeding under unnatural conditions, and therefore is not representative of the processes operating in wild birds under biologically relevant conditions.
Fluid trapping is the predominant process by which hummingbirds achieve nectar collection at small bill tip-to-nectar distances, wherein tongue grooves are wholly immersed in nectar, or when the nectar is found in very thin layers [14] . Expansive filling accounts for nectar uptake by the portions of a hummingbird's tongue that remain outside the nectar pool. The relative contributions of the two synergistic mechanisms (fluid trapping and expansive filling) to the rate and volume of nectar ultimately ingested are determined by the distance from the bill tip to the nectar surface during the licking process. Updating feeding efficiency estimates in light of these advances could provide new insights critical to current evolutionary debates (e.g. optimal nectar concentrations [9, 11, 24, 25] ). In addition it could also improve our understanding of broadscale ecological patterns (e.g. species range limits and competition in hummingbird assemblages [6] , and phenological shifts with conservation implications [26] ).
A reappraisal of preference experiments along gradients of nectar concentrations [27] [28] [29] [30] [31] [32] using these new nectar intake models and applying recent advances on gustatory discrimination [33] , could shed new light on coevolutionary enigmas. Several plant lineages have converged on a transition from an insect-pollinated condition to vertebrate-pollination [34] [35] [36] [37] , and vertebrate-pollinated flowers tend to have more dilute nectars than the insect-pollinated ones [24, [38] [39] [40] . The new explanation of the mechanics of nectar uptake we provide here suggests that physical constraints are the main determinants of the relationship between pollinator type and nectar concentration, and can guide us through alternative hypotheses [40] of hummingbird-flower coevolution. Our discovery of this elastic tongue micropump could inspire applications, and the study of flow, in elastic-walled (flexible) tubes in both biological [41, 42] and artificial [43] [44] [45] [46] systems.
Methods (a) Fieldwork
At field sites with existing feeders in seven countries throughout the Americas, we filmed free-living, never handled, hummingbirds drinking at modified transparent feeders simulating the nectar volumes and concentrations of hummingbird-pollinated flowers. We measured 96 foraging bouts of 32 focal birds belonging to 18 species from seven out of the nine main hummingbird clades (electronic supplementary material, table S1). We used artificial nectar (18.6% mass/mass sucrose concentration) and focused on recording the tongue-fluid interaction using high-speed cameras (TroubleShooter HR and Phantom Miro ex4) with macro lenses (Nikon 105 mm f/2.8 VR) running up to 1260 frames per second (1280 Â 512 pixels). We positioned red flat plastic sheets (to minimize lateral view obstruction) cut in flower shapes at the entrances of the feeders. The purpose of the flat flowers was twofold: to attract and guide wild hummingbirds into our feeders, and to allow us to control the relative position of the artificial corolla rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151014 entrance with respect to the nectar chamber. While filming wild hummingbirds, we noted that every individual, after a couple of exploratory visits, would insert its beak as far as possible into the feeder in order to reach the nectar. At real flowers, corolla length limits how close the bird can place the tip of its beak to the surface of the nectar pool. Controlling the position of the flat flower with respect to the nectar reservoir, we achieved videos in which there is enough realistic distance between the bill tip and the nectar surface to study the filling of the tongue portions that never enter the liquid (e.g. electronic supplementary material, video S4). To improve visualization of the filling front, while filming Amazilia hummingbirds (Amazilia amazilia) in Ecuador, we used hummingbird nectar concentrate (Petco w ), which comes tinted red, and we diluted it (down to 18.6% mass/mass concentration).
(b) Velocity and thickness measurements
We limited our measurements to the instances in which we could confidently track the tongue tip and the groove bases throughout the entire lick. We calculated tongue tip velocity through time and estimated fluid displacement velocities using IMAGEJ [47] . To measure groove thickness at regular length intervals, we delineated the contour of the tongue in TPSDIG 2.16 [48] . Subsequently, we limited these outlines between the tip and the base of the grooves and resampled dorsal and ventral outlines into 20 semi-landmarks [49, 50] . These semi-landmarks allowed us to calculate groove thickness at equally spaced points along the tongue through the licking cycle, and to quantitatively test predictions from the mutually exclusive possible outcomes. We tested whether there was a difference in groove thickness before and after contact with the nectar (complete filling), using a two-tailed Student's paired t-test, after testing for normality through a Shapiro-Wilk test. Having good estimates of the position of groove tip and base is important to provide accurate measurements of the groove thickness at comparable points (semilandmarks) across time, licks, individuals and species. For these comparative measurements, we used the semi-landmark no. 12 (near the middle of the grooves) and calculated the percentage, out of the final thickness of the groove, that the expansion represents (electronic supplementary material, table S1).
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